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We recently reported that fear extinction, a form of inhibitory learning, is selectively blocked by systemic
administration of L-type voltage-gated calcium channel (LVGCC) antagonists, including nifedipine, in mice. We here
replicate this finding and examine three reduced contingency effects after vehicle or nifedipine (40 mg/kg)
administration. In the first experiment, contingency reduction was achieved by adding USs to the training protocol
(degraded contingency), a phenomenon thought to be independent of behavioral inhibition. In the second
experiment, contingency reduction was achieved by varying the percentage of CS–US pairing, a phenomenon
thought to be weakly dependent on behavioral inhibition. In the third and fourth experiments, contingency
reduction was achieved by adding CSs to the training protocol (partial reinforcement), a phenomenon thought to be
completely dependent on behavioral inhibition. We found that none of these reduced contingency effects was
impaired by nifedipine. In a final experiment, we found that extinction conducted 1 or 3 h post-acquisition, but not
immediately, was LVGCC-dependent. Taken together, the results suggest that reduced contingency effects and
extinction depend on different molecular mechanisms and that LVGCC dependence of behavioral inhibition develops
with time after associative CS–US learning.

Pavlovian fear conditioning in rodents has been widely used in
the laboratory setting to model human fear and anxiety, as well
as excitatory learning and memory processes (Fendt and
Fanselow 1999; Maren 2001; Ohman and Mineka 2001; Fanselow
and Gale 2003; LeDoux 2003). Fear conditioning is achieved by
temporally pairing an initially neutral conditional stimulus (CS),
such as a tone, with an aversive unconditional stimulus (US),
usually a mild footshock. Rats show robust fear responding to a
CS with as little as one CS–US pairing (Fanselow 1990). Extinc-
tion of conditional fear, the progressive weakening of the fear
response by repeated presentations of the CS alone, has been an
important model in the development of behavior therapy for
human anxiety disorders (Wolpe 1969; Wolpe and Rowan 1988;
Craske 1999; Myers and Davis 2002) and is the prototypical pro-
cedure for inducing inhibitory learning (Davis et al. 2003; Dela-
mater 2004).

While the molecular and cellular mechanisms of fear acqui-
sition have been intensely studied for decades, the mechanisms
of fear extinction are only beginning to be unraveled. For in-
stance, lesion and local infusion studies suggest that the amyg-
dala (Falls et al. 1992; Quirk et al. 1997; Lu et al. 2001; Marsicano
et al. 2002; Royer and Pare 2002; Walker et al. 2002; Davis et al.
2003; Ledgerwood et al. 2003; Lin et al. 2003a,b,c) and prefrontal
cortex (Morgan et al. 1993; Quirk et al. 2000; Herry and Garcia
2002; Milad and Quirk 2002; Santini et al. 2004; Shah et al. 2004)
participate in the learning and retention of fear extinction. Ad-
ditionally, both local infusion and systemic behavioral pharma-
cology studies have identified important roles in extinction for
the NMDA-type glutamate receptor (Falls et al. 1992; Baker and
Azorlosa 1996; Li et al. 1998; Santini et al. 2001; Tang et al. 2001;
McKay et al. 2002; Walker et al. 2002; Lin et al. 2003c), the

cannabinoid CB1 receptor (Marsicano et al. 2002; Suzuki et al.
2004), the adrenergic system (Mason and Iversen 1977; Mason
and Fibiger 1979; Berman and Dudai 2001; Cain et al. 2004),
calcineurin (Lin et al. 2003b), and MAP-kinase (Berman and Du-
dai 2001; Lu et al. 2001; Lin et al. 2003c). Although these mol-
ecules participate in the long-term retention of fear extinction,
we recently reported that systemic administration of the L-type
voltage-gated calcium channel (LVGCC) antagonists, nifedipine
and nimodipine, prevent both short- (within 1 h) and long-term
(24 h) fear extinction (Cain et al. 2002). This finding supports a
crucial role for LVGCCs in the acquisition of fear extinction.

Most extinction procedures involve three phases: (1) fear
acquisition, where every CS is paired with a US (100% contin-
gency); (2) fear extinction, where CSs are never paired with a US
(0% contingency); and (3) a final test of CS-elicited fear. Psy-
chologists divide learning into excitatory learning, which in-
volves the formation and strengthening of new responses to a
cue or CS, and inhibitory learning, which decreases such re-
sponding (Domjon 1998). The dominant view of extinction
learning presumes that an excitatory CS–US association is formed
during acquisition of conditioned fear, while an independent
inhibitory CS–US association is formed during extinction, which
ultimately compete during the final CS test to produce reduced
fear (Myers and Davis 2002). Our recent findings suggest that this
type of inhibitory learning is dependent on LVGCCs.

Many other Pavlovian procedural manipulations can result
in reduced responding to the CS, and not all are thought to be
the result of inhibitory learning. In contingency reduction pro-
tocols, acquisition itself occurs with <100% contingency (CSs
and USs are not always paired). Such protocols have been a driv-
ing force in the development of learning theory (Miller and Mat-
zel 1988b). Reduced contingency effects can be achieved with
any of the following three manipulations: (1) keeping the num-
ber of CS–US pairings constant while adding USs (degraded con-
tingency) (Rescorla 1968; Singh and Banerji 1986); (2) keeping
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the total number of CSs and USs constant while varying the
percentage of CS–US pairing (reduced temporal overlap); or (3)
keeping the number of CS–US pairings constant while varying
the number of CSs (partial reinforcement) (Siegel 1977; Singh
and Banerji 1986; Pearce et al. 1997). Thus, nifedipine may be a
valuable tool for testing whether or not these various contin-
gency reduction effects share a common physiological mecha-
nism with extinction. A shared mechanism would be consistent,
for instance, with scalar expectation theory (SET) (Gallistel and
Gibbon 2000). However, associative theory predicts different
mechanisms for the different protocols (Rescorla and Wagner
1972).

The experiments in this paper were designed to achieve two
goals. The first was to replicate and extend our finding that sys-
temic nifedipine prevents cue fear extinction. The second was to
elucidate the role of LVGCCs in contingency evaluation. The
results should thus shed light on whether extinction shares a
common LVGCC-dependent mechanism with any or all of the
protocols that reduce CS–US contingency.

Results

Cue fear extinction with nonassociative controls
We previously reported that systemic administration of nife-
dipine (40 mg/kg, subcutaneous) prevents both short- and long-
term cue fear extinction (Cain et al. 2002). In this experiment we
replicate and extend this finding (Fig. 1). A 3-d procedure was
used to replicate the extinction blockade. Three groups of mice
received five CS–US pairings on day 1. The next day all three
groups were injected and placed in the novel extinction context.
Two of the groups (Paired-Extinction-Vehicle and Paired-
Extinction-Nifedipine) were presented with 60 nonreinforced CS
presentations to induce extinction. The third group (Paired-No

Extinction-Vehicle) served as a control for nonspecific effects of
time and context exposure on retained fear and received no CS
presentations. On the third day, each group was returned to the
extinction context and presented with a single CS to probe cue
fear. In addition to the paired groups, two pairs of nonassociative
controls were included in this experiment. CS-only groups re-
ceived the same 3-d procedure as the Paired-Extinction groups
except that only CSs were delivered during the first session. US-
only groups received the same 3-d procedure as the Paired-
Extinction groups except that only USs were delivered during the
first session.

As previously, cue fear extinction was blocked by nifedipine
(F(6,77) = 19.7, p < 0.01). Freezing was generally low for all groups
prior to the single CS test on day 3; however, the Paired-
Extinction-Nifedipine group froze slightly more than the Paired-
Extinction-Vehicle group (p < 0.05). Long-term extinction was
evident (Paired-No Extinction-Vehicle vs. Paired-Extinction-
Vehicle, p < 0.01), and nifedipine blocked this extinction (Paired-
Extinction-Vehicle vs. Paired-Extinction-Nifedipine, p < 0.01).
There was no indication that CS-only or US-only groups froze
more following the extinction procedure, regardless of drug treat-
ment (vs. Paired-No Extinction-Vehicle, p-values < 0.01; vehicle
vs. nifedipine, p-values > 0.05). Thus, as we have seen before,
nifedipine blocks CS extinction, while showing no interaction
with pseudoconditioning or sensitization.

Contingency reduction: Adding USs
to training protocol
We first examined the effect of nifedipine on contingency reduc-
tion by adding USs to a standard training protocol (degraded
contingency) (Fig. 2). All groups of mice received three CS–US
pairings after injections of vehicle or nifedipine on day 1 of the
experiment. Mice in the 100% groups received no additional USs
during the session. Mice in the 50% groups received three addi-
tional USs during the session. Mice in the 10% groups received 27
additional USs during the session. Then, 1 d after the acquisition
sessions, all mice were subjected to a cue fear test in a novel
context (two CS presentations) and a context fear test in the
acquisition context (5-min exposure).

Figure 1. Nifedipine blocks cue fear extinction without increasing
freezing in nonassociative control groups. (A) Experimental design (8–12
mice/group). (B) Freezing 1 d after extinction sessions during a 2-min
acclimation period (Pre-CS) followed by a test CS (white bars, vehicle
treatment; black bars, nifedipine treatment). No Extinction control mice
were injected with vehicle and placed in the extinction context on day 2,
but not presented with any CSs. (*) p < 0.05 vs. Paired-No Extinction; (+)
p < 0.05 vs. Paired-Extinction-Vehicle.

Figure 2. Reduced contingency effects achieved by adding USs to the
training protocol are insensitive to nifedipine treatment. (A) Experimental
design (eight mice/group). Mice were injected with vehicle (open circles)
or nifedipine (40 mg/kg, filled circles) and subjected to either a 10%,
50%, or 100% contingent acquisition procedure (see Materials and
Methods for details). (B) Freezing 1 d after acquisition during a 2-min
acclimation period (Pre-CS) and two test CSs.
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For the cue fear tests, freezing was low and statistically simi-
lar for all groups prior to the CS presentations (F(5,42) = 0.9). The
reduced contingency protocols significantly reduced freezing to
the CS. Mice in the 50% and 10% groups froze less than mice in
the 100% groups (F(2,42) = 20.1, p < 0.01 for Contingency) (Fig.
2B). Nifedipine treatment had no effect on freezing at any level of
contingency (F(2,42) = 0.3, p = 0.78 for the Contingency � Drug
interaction). For the context fear tests, freezing was similar for all
groups regardless of the contingency protocol used or drug treat-
ment (F(2,42) = 2.7, p = 0.08 for Contingency; F(1,42) = 0.7, p = 0.43
for Drug; F(2,42) = 2.2, p = 0.12 for the Contingency � Drug in-
teraction) (Table 1).

Contingency reduction: Varying the percentage
of CS–US pairing
We next examined the effect of nifedipine on contingency re-
duction by varying the percentage of CS–US pairing (Fig. 3). All
groups of mice received 10 CSs and 10 USs after injections of
either vehicle or nifedipine on day 1 of the experiment. Mice in
the 100% groups received 10 CS–US pairings and no additional
CSs or USs. Mice in the 50% groups received five CS–US pairings,
five CS-alone presentations, and five US-alone presentations.
Mice in the 10% groups received one CS–US pairing, nine CS-
only presentations, and nine US-only presentations. Then, 1 d
after the acquisition sessions, all mice were subjected to a cue fear
test in a novel context (two CS presentations) (Fig. 3) and a con-
text fear test in the acquisition context (5-min exposure).

For the cue fear tests, freezing was low and statistically simi-
lar for all groups prior to the CS presentations (F(5,42) = 1.1). Re-
duced contingency protocols significantly reduced freezing. Mice
in the 50% and 10% groups froze less than mice in the 100%
groups (F(2,41) = 8.5, p < 0.01 for Contingency) (Fig. 3B). Nife-
dipine treatment had no effect on freezing at any level of con-
tingency (F(2,41) = 0.4, p = 0.68 for the Contingency � Drug in-
teraction). For the context fear tests, freezing was similar for all
groups regardless of the contingency protocol used or drug treat-
ment (F(2,38) = 1.1, p = 0.34 for Contingency; F(1,38) = 0.3, p = 0.58
for Drug; F(2,38) = 0.2, p = 0.80 for the Contingency � Drug in-
teraction) (Table 1).

Contingency reduction: Adding CSs
to training protocol
We next examined the effect of nifedipine on contingency re-
duction achieved by adding CSs to a standard training protocol
(partial reinforcement) (Fig. 4). All groups of mice received three
CS–US pairings after injections of vehicle or nifedipine on day 1
of the experiment. Mice in the 100% groups received no addi-
tional CSs during the session. Mice in the 50% groups received
three additional CSs during the session. Mice in the 10% groups
received 27 additional CSs during the session. Then, 1 d after the
acquisition sessions, all mice were subjected to a cue fear test in
a novel context (two CS presentations) and a context fear test in
the acquisition context (5-min exposure).

For the cue fear tests, freezing was low for all groups prior to
the CS presentations (F(5,42) = 0.5). Reduced contingency proto-
cols significantly reduced freezing to the CS. Mice in the 50% and
10% groups froze less than mice in the 100% groups
(F(2,42) = 30.4, p < 0.01 for Contingency) (Fig. 4B). Nifedipine
treatment had no effect on freezing at any level of contingency
(F(2,42) = 0.2, p = 0.83 for the Contingency � Drug interaction).
For the context fear tests, freezing was again similar for all groups
regardless of the contingency protocol used or drug treatment
(F(2,42) = 1.0, p = 0.39 for Contingency; F(1,42) = 0.1, p = 0.77 for
Drug; F(2,42) = 0.8, p = 0.48 for the Contingency � Drug interac-
tion) (Table 1).

Contingency reduction: Further examination of partial
reinforcement effects
The results of the first partial reinforcement experiment were
somewhat surprising. Partial reinforcement effects are often ex-
plained by an extinction-like process that is triggered by CS-alone
presentations (Rescorla and Wagner 1972; Mackintosh 1975;
Gibbon et al. 1980; Pearce and Hall 1980; Wagner 1981; Gallistel
and Gibbon 2000). For this reason, we expected the partial rein-
forcement effect to be blocked by nifedipine, since nifedipine
prevents extinction (Fig. 1). In order to further investigate the
role of LVGCCs in partial reinforcement, we designed a second,
more extensive, experiment. This experiment increased the num-
ber of CS-alone presentations to resemble the extinction study. It

Table 1. Context freezing for reduced contingency
Experiments 1–3

Method of
contingency reduction

Training
contingency

(%)
Nifedipine
(mg/kg)

Freezing

Mean SEM

Add USs to training 100 0 28.8 8.1
protocol (Fig. 2) 100 40 14.0 6.4

50 0 34.0 7.3
50 40 47.7 10.3
10 0 24.6 6.7
10 40 42.3 10.8

Vary percentage of 100 0 23.8 4.5
CS-US pairing (Fig. 3) 100 40 34.2 7.3

50 0 41.5 9.8
50 40 40.4 11.9
10 0 38.6 6.2
10 40 41.9 13.6

Add CSs to training 100 0 11.9 3.2
protocol (Fig. 4) 100 40 11.9 2.5

50 0 18.1 7.5
50 40 13.8 4.9
10 0 15.0 4.0
10 40 23.1 7.0

No statistically significant drug effects or contingency effects.

Figure 3. Reduced contingency effects achieved by varying the per-
centage of CS–US pairing are insensitive to nifedipine treatment. (A) Ex-
perimental design (seven to eight mice/group). Mice were injected with
vehicle (open circles) or nifedipine (40 mg/kg, filled circles) and subjected
to either a 10%, 50%, or 100% contingent acquisition procedure (see
Materials and Methods for details). (B) Freezing 1 d after acquisition
during a 2-min acclimation period (Pre-CS) and two test CSs.
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also contained groups to address whether or not the order of CS
presentations, relative to pairings, was important in determining
LVGCC dependence. All groups of mice were injected with drug
or vehicle and subjected to three CS–US pairings on day 1. Mice
in the 100% groups received no additional CSs during the ses-
sion. Mice in the 50% groups received three additional CSs dur-
ing the session. Mice in the 5% groups received 57 additional CSs
during the session. There were three separate 5% conditions and
three separate 100% conditions. Mice in the 5% conditions re-
ceived their pairings as the first three trials in the session (5%–
first), the last three trials in the session (5%–last), or three trials
mixed in with the CS presentations (5%–mixed). Control (100%)
groups were run for each of these conditions with CS–US pairings
occurring with the same temporal spacing as in their correspond-
ing partial reinforcement groups. Then, 1 d later, all mice were
subjected to a cue fear test (two CS presentations) (Fig. 5).

There were no statistically significant differences in freezing
among the three control groups (100%–mixed, 100%–first,
100%–last; F(2,21) = 1.1, p = 0.36), and to simplify data analyses
and presentation, these groups were combined into a single con-
trol group (100%). For the cue fear test, freezing was low for all
groups prior to the CS presentations. The reduced contingency
protocols significantly reduced freezing (F(9,110) = 13.6, p < 0.01)
(Fig. 5B); all 5% groups, regardless of drug treatment, froze sig-
nificantly less than the 100%-Vehicle group (p-values < 0.01). For
the 50% groups, only the nifedipine-treated mice froze less than
the 100%-Vehicle controls (p < 0.01). Nifedipine treatment failed
to affect freezing in any of the conditions (p-values > 0.05 vs.
vehicle-treated mice), even in the 5%–first groups, where there
was a small trend toward increased freezing for nifedipine-treated
mice.

Extinction time course
The previous two experiments indicated that nifedipine fails to
block partial reinforcement effects, even when all CS-alone pre-
sentations occur after CS–US pairings, like extinction. Since nife-
dipine consistently blocks extinction when pairings and CS pre-
sentations are separated by a day (Fig. 1; Cain et al. 2002), we
hypothesized that extinction of newly acquired fear is LVGCC-
independent while extinction of consolidated fear is LVGCC-
dependent. To test this hypothesis, we designed an extinction

experiment in which the extinction session began immediately
after acquisition, 1 h after acquisition, or 3 h after acquisition.
Mice in the three conditions were injected with vehicle or nife-
dipine 50 min prior to their extinction session. Then, 1 d after
extinction, all mice were returned to the extinction context for a
test of cue fear (two CS presentations).

For the cue fear test, freezing was low for all groups prior
to the CS presentations; however, the 1-h-vehicle and 3-h-
vehicle groups froze less than the immediate-vehicle group
(p-values < 0.05). Freezing differed between the groups during
the final test session (F(5,42) = 7.0, p < 0.01; Figure 6). Extinction
was less effective when CS presentations began immediately after
acquisition; mice in the 1-h-vehicle and 3-h-vehicle groups froze
significantly less than mice in the immediate-vehicle group
(p-values < 0.05). Nifedipine blocked extinction in the 1-h and
3-h conditions (p-values < 0.01 vs. vehicle), but not in the im-
mediate condition (p > 0.05).

Discussion
We recently reported that systemic administration of nifedipine
completely blocks both short- (within session) and long-term
(1 d later) fear extinction learning in mice (Cain et al. 2002). The
same treatment failed to alter fear acquisition or expression, sug-
gesting that nifedipine selectively impaired fear extinction. In
Experiment 1, nifedipine was again found to block long-term
extinction completely (Fig. 1). Additionally, nifedipine did not
increase freezing in two nonassociative control groups, ruling out
the possibility that nifedipine treatment interacts with stimulus
presentations during the extinction procedure to increase freez-
ing in mice apart from a CS–US association. Thus, these results
confirm that systemic LVGCC blockade selectively impairs ex-
tinction of conditional fear in mice. This finding was recently
replicated by another laboratory (Suzuki et al. 2004). Since ex-
tinction is widely believed to result from associative inhibitory

Figure 4. Reduced contingency effects achieved by adding CSs to the
training protocol (partial reinforcement) are insensitive to nifedipine
treatment. (A) Experimental design (eight mice/group). Mice were in-
jected with vehicle (open circles) or nifedipine (40 mg/kg, filled circles)
and subjected to either a 10%, 50%, or 100% contingent acquisition
procedure (see Materials and Methods for details). (B) Freezing 1 d after
acquisition during a 2-min acclimation period (Pre-CS) and two test CSs.

Figure 5. Several partial reinforcement effects are insensitive to nife-
dipine treatment. (A) Experimental design (8–12 mice/group). Mice were
injected with vehicle (open bars) or nifedipine (40 mg/kg, filled bars) and
subjected to either a 5%, 50%, or 100% contingent acquisition proce-
dure. Three 5% contingent conditions examined the importance of trial
order in determining the LVGCC dependence of partial reinforcement
(see Materials and Methods for details). (B) Freezing 1 d after acquisition
during a 2-min acclimation period (Pre-CS) and two test CSs.
(*) p < 0.05 vs. 100%-Vehicle.
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learning, we hypothesized that LVGCCs may be fundamentally
involved in inhibitory learning (Barad et al. 2004).

We chose to examine the role of LVGCCs in contingency
evaluation learning because of the apparent similarity to extinc-
tion and because this learning may involve associative inhibition
(i.e., the Rescorla-Wagner Model) (Rescorla and Wagner 1972;
Wagner and Rescorla 1972). The results of the contingency ex-
periments are conclusive (Figs. 2–5). Adding USs or CSs or reduc-
ing the percentage of CS–US pairing all reduce conditional re-
sponding to the CS, and nifedipine fails to block any of these
reductions. It may be unsurprising that degrading contingency or
reducing the percentage of CS–US pairing is nifedipine-
insensitive, since associative theory predicts that they are par-
tially or entirely due to a blocking-like effect rather than to in-
hibitory learning (Kamin 1969). It is surprising, however, that
partial reinforcement effects are LVGCC-independent. Like ex-
tinction, partial reinforcement relies only on CS-alone presenta-
tions to achieve a decrement in responding, and CS-alone pre-
sentations should theoretically lead to associative inhibition
with our protocols (Rescorla and Wagner 1972; Mackintosh
1975; Gibbon et al. 1980; Pearce and Hall 1980; Wagner 1981;
Gallistel and Gibbon 2000). While other theories have somewhat
different interpretations of inhibitory learning, they generally
state that partial reinforcement and extinction are explained by
the same mechanism (Amsel 1958; Mackintosh 1975; Gibbon et
al. 1980; Pearce and Hall 1980; Gallistel and Gibbon 2000; Bou-
ton and Sunsay 2001, 2003). In a follow-up experiment designed
to make the partial reinforcement procedure more closely re-
semble our extinction procedure (more CSs; all pairings first)
(Fig. 5), we obtained the same result; partial reinforcement is
nifedipine-insensitive, regardless of the order of pairings relative
to CS-alone presentations. Together, these findings suggest that
within-session contingency manipulations resulting in a re-
sponse decrement to the CS operate through an LVGCC-
independent mechanism, unlike extinction. They also indicate
that LVGCC blockers like nifedipine do not generally increase
fear or block all learning characterized by reduced responding.

It should be noted that the results of the context fear tests in
the first three contingency experiments (Figs. 2–4) were also un-
expected. In each experiment we expected, based on associative

theory, that mice subjected to 10% contingent procedures would
show more context freezing than those subjected to 100% con-
tingent procedures. This was especially true in the degraded con-
tingency experiment, in which 10% mice received 27 more
shocks than 100% mice. However, we found no significant dif-
ferences in context freezing related to contingency or drug treat-
ment in any of the experiments (Table 1). It is possible that in
long sessions these mice extinguish context fear during the US-
free periods. Some of our own indirect evidence suggests that
these C57/bl6 mice extinguish context fear faster than cue fear
(Cain et al. 2002). However, other investigators have also failed
to find increases in context freezing with more CS-alone presen-
tations in experiments designed to reveal them (Maes and
LoLordo 1996), and we have been unable to find any observa-
tions of this expected reciprocal increase in context conditioning
with degraded CS contingency. Thus, while the orderly pattern of
decreasing response to the cue with reduced contingency in our
experiments suggests that cue competition should have taken
place, it was not expressed as context freezing.

While there are reasonable explanations for reduced contin-
gency effects achieved by adding USs to the training protocol
that do not rely on associative inhibition, it is more difficult to
explain why extinction and partial reinforcement should rely on
a different process. One major distinction between our extinc-
tion experiment (Fig. 1) and the 5%–first partial reinforcement
group (Fig. 5) was the delay between acquisition trials and ex-
tinction trials. In the extinction experiment, CS-alone trials oc-
curred one day after the CS–US pairings, while in the partial
reinforcement experiment the CS-alone trials occurred immedi-
ately after the CS–US pairings. Thus, we hypothesized that ex-
tinction of a well-consolidated fear memory requires LVGCCs,
but extinction of a newly acquired fear memory does not.

To test this hypothesis, we subjected separate groups of mice
to cue fear acquisition and conducted extinction either immedi-
ately after the acquisition session, or 1 or 3 h later. We found that
nifedipine only blocked fear extinction when it occurred 1 or 3 h
after acquisition. Nifedipine-treated mice given CS-alone trials
immediately after acquisition extinguished the same as vehicle-
treated mice. Thus, the data support our hypothesis that the
LVGCC dependence of extinction is related to the maturity or
consolidation of the acquisition memory.

Although unexpected, these findings strongly suggest that
reduced contingency effects, regardless of the protocol used, do
not depend on LVGCC activity. We propose that contingency
reducing manipulations, including extinction, act to weaken the
excitatory CS–US association in an LVGCC-independent manner
when the newly acquired fear memory is not consolidated, per-
haps through depotentiation or an LTD-like process. This possi-
bility is supported by recent behavioral (Lin et al. 2003a,b,c) and
electrophysiological (Bauer et al. 2001) reports. However, extinc-
tion of well-consolidated fear memories may lead to LVGCC-
dependent associative inhibition, which acts to block fear expres-
sion without altering the excitatory memory. Also in support of
this concept, we have found no published reports of “spontane-
ous recovery” or increase in fear with time following reduced
contingency protocols including partial reinforcement, suggest-
ing that the reduced fear is not a result of “fragile” associative
inhibition that competes with excitation. However, LVGCC-
dependent extinction does dissipate with time (spontaneous re-
covery) (Baum 1988), context change (renewal) (Bouton and
King 1983), and US exposure (reinstatement) (Rescorla and Heth
1975), suggesting that the original excitatory memory remains
intact after extinction and is inhibited.

Some of our findings are not predicted by prominent learn-
ing theories. Associative theory (Rescorla and Wagner 1972)
makes the explicit prediction that extinction and partial rein-

Figure 6. Extinction begun 1 or 3 h post-acquisition, but not immedi-
ately, is nifedipine-sensitive. (A) Experimental design (eight mice/group).
Mice were subjected to cue fear acquisition followed by extinction in a
different context either 0, 1, or 3 h later. Mice were injected with vehicle
or nifedipine (40 mg/kg) 50 min prior to extinction. (B) Freezing 1 d after
extinction during a 2-min acclimation period (Pre-CS) and two test CSs
(white bars, vehicle treatment; black bars, nifedipine treatment). (*)
p < 0.05 vs. Vehicle; (+) p < 0.05 vs. Immediate-Vehicle.
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forcement result in reduced responding via the same inhibitory
process generated on CS-alone trials. However, our data indicate
that extinction conducted more than 1 h after acquisition relies
on an LVGCC-dependent process, while partial reinforcement
does not. Although other theories of conditioning and extinc-
tion place more emphasis on CS-processing (Mackintosh 1975),
timing (Gallistel and Gibbon 2000), or responding (Miller and
Matzel 1988a), they do not predict the mechanistic discrepancy
between extinction and partial reinforcement delineated here,
and none explains the mechanistic transformation of extinction
in the hours following acquisition. While behavioral examina-
tion of learning theory has proven invaluable in driving condi-
tioning research, we expect that biological manipulations will
provide important data for future theoretical consideration.

Materials and Methods

Subjects
Naive 12–20-wk-old C57/bl6 male mice (Taconic) were housed
four per cage, maintained on a 12-h light/12-h dark schedule,
and allowed free access to food and water. All testing was con-
ducted during the light phase in illuminated testing rooms fol-
lowing protocols approved by UCLA’s Institutional Animal Care
and Use Committee.

Drug
The LVGCC antagonist nifedipine (40 mg/kg; Sigma) was soni-
cated into 100% Cremophor EL (BASF). PBS was added to make
the final vehicle 10% Cremophor/90% PBS, and the mixture was
again sonicated. This nifedipine dose was partly a suspension,
and care was taken to thoroughly mix the drug prior to injecting.
Mice were injected subcutaneously 50 min prior to behavioral
testing (10 mL/kg). Drug dose and pretreatment time were cho-
sen based on studies conducted in our laboratory (Cain et al.
2002; Barad et al. 2004) and on previous reports of systemic ad-
ministration in rodents (Janicki 1988; Larkin 1992).

Conditioning apparatus
Two contexts (A and B), in separate rooms, were used for all
behavioral testing. Shuttle box compartments (#ENV-010MC;
Med Associates) measuring 20.3 � 15.9 � 21.3 cm served as
context A, and conditioning boxes (#ENV-008; Med Associates)
measuring 30.5 � 24.1 � 21 cm served as context B. Both con-
texts A and B had transparent front and back walls and stainless
steel grid floors (3.2 mm diameter, 8 mm centers). Context A was
wiped down before testing with 10% ethanol and context B with
10% methanol. Individual video cameras were mounted in the
ceiling of each chamber and connected via a quad processor to a
standard VCR and monitor for videotaping and scoring of freez-
ing. Grid floors were connected to a scrambled shock source
(ENV-412 and ENV-413; Med Associates). Auditory stimuli (ANL-
926; Med Associates) were delivered via a speaker in the chamber
wall. Delivery of stimuli was controlled with a PC and Med-PC
software through a SmartCTL Interface System (DIG-716; Med
Associates). Background white noise was maintained at 62 dB
throughout behavioral testing.

Behavioral testing: General
In all experiments, fear acquisition was conducted in context A.
Cue fear extinction and final tests of cue fear were conducted in
context B. Context fear tests were conducted in context A. In all
experiments the CSs were 2-min white-noise presentations (80
dB), and USs were 0.7 mA � 2-sec scrambled footshocks. Freez-
ing behavior was rated by an experienced investigator, who was
blinded to treatment classification of the mice, using a 5-sec in-
stantaneous time sampling technique (12 observances/min).

Cue fear extinction with nonassociative controls (Fig. 1)
The experiment comprised three phases: training, context B ex-
posure, and a final test of cue fear. Each phase was separated by
1 d to allow for memory consolidation. For training, all groups of
mice were naive and in the drug-free state. Three groups of mice
were subjected to CS–US pairings (paired), two groups received
only CSs (CS-only), and two groups received only USs (US-only).
Mice in the paired condition received five CSs with coterminat-
ing USs (2-min intertrial interval, ITI), and 2-min periods pre-
ceded and followed the pairings. Mice in the CS-only groups
received five CSs on the same schedule as the paired groups, but
without any US presentations (sensitization procedure). Mice in
the US-only groups received five USs on the same schedule as the
paired groups, but without any CSs (pseudoconditioning proce-
dure). Freezing during the third training CS was rated for paired
mice in order to match them into three equivalent treatment
groups prior to session 2. Mice in the CS-only and US-only groups
were divided into four separate groups. The resultant groups were
as follows: Paired-No Extinction-Vehicle, Paired-Extinction-
Vehicle, Paired-Extinction-Nifedipine, CS-only-Extinction-
Vehicle, CS-only-Extinction-Nifedipine, US-only-Extinction-
Vehicle, and US-only-Extinction-Nifedipine. Then, 1 d after
training, all mice were injected, placed in context B 50 min later,
and allowed to acclimate for 2 min. With the exception of the No
Extinction group, all mice were subjected to the extinction pro-
tocol (60 nonreinforced CS presentations, 5-sec ITI). No Extinc-
tion control mice remained in the chambers for an equivalent
period of time, but received no CS presentations. All mice were
returned to context B 1 d after session 2, allowed to acclimate for
2 min, and then subjected to a single CS presentation.

Contingency reduction: Adding USs to training protocol (Fig. 2)
The experiment comprised three phases: Fear acquisition, cue
fear testing, and context fear testing. Fear acquisition and fear
testing were separated by 1 d to allow for memory consolidation.
After vehicle or drug injections, separate groups of naive mice
were placed in context A and subjected to one of three fear ac-
quisition protocols: 100% contingency, 50% contingency, or
10% contingency. Each protocol presented three CS–US pairings
to the mice with the same interpairing interval (1378 sec), be-
ginning 2 min after entry to the chambers. For the pairings, US
presentations always began 118 sec after CS onset and terminated
with the CS. The session duration and number of CSs was the
same for all groups; only the number and timing of USs varied
between the protocols. The 100% groups received only the three
CS–US pairings. For the 50% groups, an additional US was pre-
sented after each pairing (three total), either 460, 689, or 918 sec
after the pairing. For the 10% groups, nine additional USs were
presented after each pairing (27 total) beginning 120 sec after the
pairing with an average inter-US interval of 138 sec (range 108–
168 sec). Each protocol ended with a 2-min stimulus-free period.
The following day, all mice were subjected to a cue fear test and
a context fear test, separated by 3 h with the order of testing
counterbalanced. For the cue fear test, mice were placed in con-
text B, allowed to acclimate for 2 min, and presented with two
CSs (2-min ITI). For the context fear test, mice were returned to
context A for 5 min.

Contingency reduction: Varying degree of CS–US pairing (Fig. 3)
The experiment comprised three phases: Fear acquisition, cue
fear testing, and context fear testing. Fear acquisition and fear
testing were separated by 1 d to allow for memory consolidation.
After vehicle or drug injections, separate groups of naive mice
were placed in context A and subjected to one of three fear ac-
quisition protocols: 100% contingency, 50% contingency, or
10% contingency. Each protocol presented the mice with 10 CSs
and 10 USs. The CS presentations always began 2 min after entry
to the chamber, and a 2-min interval separated all CSs and con-
cluded the session. The session duration, number of US presen-
tations, and number of CS presentations was the same for all
groups; only the temporal spacing of US delivery varied between
the protocols. In the 100% groups, all USs were temporally paired
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with CSs, with USs occurring either 38, 78, or 118 sec after CS
onset in a pseudorandom order. In the 50% groups, five of the
USs were paired with CSs and were given either 38, 78, or 118 sec
after CS onset. The remaining five US presentations occurred
during the inter-CS intervals either 15, 30, or 45 sec prior to a CS
presentation. In the 10% groups, only the first trial was a CS–US
pairing (118 sec CS-onset to US-onset delay). The remaining nine
USs were presented during the inter-CS intervals either 15, 30, or
45 sec prior to a CS presentation. Only one US was ever presented
in the intervals between CSs. The following day, all mice were
subjected to a cue fear test and a context fear test, separated by 3
h with the order of testing counterbalanced. For the cue fear test,
mice were placed in context B, allowed to acclimate for 2 min,
and presented with two CSs (2-min ITI). For the context fear test,
mice were returned to context A for 5 min.

Contingency reduction: Adding CSs to training protocol (Fig. 4)
The experiment comprised three phases: fear acquisition, cue fear
testing, and context fear testing. Fear acquisition and fear testing
were separated by 1 d to allow for memory consolidation. After
vehicle or drug injections, separate groups of naive mice were
placed in context A and subjected to one of three fear acquisition
protocols: 100% contingency, 50% contingency, or 10% contin-
gency. Each protocol presented the mice three CS–US pairings
with the same interpairing interval (1380 sec), beginning 2 min
after entry to the chambers. For the pairings, US presentations
always began 118 sec after CS onset and terminated with the CS.
The session duration and number of USs were the same for all
groups; only the number and timing of CSs varied between the
protocols. The 100% groups received only the three CS–US pair-
ings. For the 50% groups, an additional CS was presented after
each pairing (three total), 630 sec after the pairing. For the 10%
groups, nine additional CSs were presented after each pairing (27
total) beginning 30 sec after the pairing with an inter-CS interval
of 30 sec. Each protocol ended with a 2-min stimulus-free period.
The following day, all mice were subjected to a cue fear test and
a context fear test, separated by 3 h with the order of testing
counterbalanced. For the cue fear test, mice were placed in con-
text B, allowed to acclimate for 2 min, and presented with two
CSs (2-min ITI). For the context fear test, mice were returned to
context A for 5 min.

Contingency reduction: Further investigation of partial reinforcement
effects (Fig. 5)
A more extensive partial reinforcement experiment was designed
to mimic some of the extinction parameters and to examine the
importance of trial order in determining LVGCC dependence.
The experiment comprised two phases: fear acquisition and cue
fear testing. Fear acquisition and fear testing were separated by
1 d to allow for memory consolidation. After vehicle or drug
injections, separate groups of naive mice were placed in context
A and subjected to 100% contingency, 50% contingency, or 5%
contingency protocols. For all of the training protocols, mice
were subjected to three CS–US pairings where the US cotermi-
nated with the CS, during a session of 7735 sec in duration.
However, there were three different 100% protocols and three
different 5% protocols. For the 100%–mixed groups, pairings be-
gan 2 min after entry to the chambers and were separated by a
2380-sec ITI. For the 100%–first groups, pairings began 2 min
after entry to the chambers and were separated by a 5-sec ITI. For
the 100%–last groups, pairings began 7245 sec after entry to the
chambers and were separated by a 5-sec ITI. For the 50%–mixed
groups, pairings occurred on the same schedule as the 100%–
mixed groups with three additional CSs presented 1130 sec after
each pairing. For the 5%–mixed groups, pairings occurred on the
same schedule as the 100%–mixed and 50%–mixed groups, with
19 additional CSs presented after each pairing (5-sec inter-CS
interval for all CSs in the session). For the 5%–first protocol,
designed to resemble extinction procedures, pairings occurred on
the same schedule as the 100%–first groups, with 57 additional
CSs presented after the last pairing (5-sec inter-CS interval for all
CSs in the session). For the 5%–last protocol, designed to re-

semble latent inhibition procedures, pairings occurred on the
same schedule as the 100%–last groups, with 57 additional CSs
preceding the first pairing (5-sec inter-CS interval for all CSs in
the session). Each protocol ended with a 2-min stimulus-free pe-
riod. Then, 1 d later, all mice were placed in context B and pre-
sented with two CSs (2-min ITI) after a 2-min acclimation period
to probe cue fear.

Extinction time course (Fig. 6)
Three phases comprised the experiment: cue fear acquisition, cue
fear extinction, and cue fear testing. Acquisition and extinction
occurred on the same day, and testing occurred the next day. All
groups of mice were subjected to the same acquisition, extinc-
tion, and testing procedures. For acquisition, mice were placed in
context A, allowed to acclimate for 2 min, and presented with
three CS–US pairings (CSs and USs coterminating, 2-min ITI). For
extinction, mice were placed in context B, allowed to acclimate
for 2 min, and presented with 45 CSs (5-sec ITI). For the day 2 test
session, all mice were returned to context B, allowed to acclimate
for 2 min, and presented with two CSs (2-min ITI). Mice in all
groups were injected 50 min prior to the extinction session. Al-
though this required injection before conditioning in the imme-
diate extinction experiment, our previous data indicate that fear
acquisition is not affected by nifedipine treatment (Cain et al.
2002). Drug treatment and the delay between acquisition and
extinction sessions differed between the groups. Mice in the Im-
mediate groups began the extinction session immediately after
the acquisition session. Mice in the 1-h and 3-h groups began
extinction 1 or 3 h after acquisition, respectively.

Statistical analyses
Percent freezing scores were calculated by dividing the instances
of freezing observed by the total number of observations and
multiplying by 100. All data represent mean freezing percentages
(�SEM) for groups of mice during specified time bins. Pre-CS
means and CS means (Figs. 1 and 5) were analyzed with one-way
ANOVA and post hoc Dunnett’s Test comparisons (when main
effects were significant). Experiments of a 3 � 2 design (Figs. 2, 3,
and 4; Table 1) were analyzed with two-way ANOVA. Differences
were considered significant if p < 0.05.
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